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CROSS-REFERENCE TO RELATED APPLICATION(S) 

[1001] This application claims priority, under 35 U.S.C. § 1 19(e), of U.S. 
Provisional Application No. 60/396,152, filed 16 July 2002, naming Mark Moir, 
Victor Luchangco and Maurice Herlihy as inventors. 

BACKGROUND 
Field of the Invention 

[1002] The present invention relates generally to coordination amongst execution 
sequences in a multiprocessor computer, and more particularly, to structures and 
techniques for facilitating nonblocking implementations of shared data structures. 

Description of the Related Art 

[1003] A traditional way to implement shared data structures is to use mutual 
exclusion (locks) to ensure that concurrent operations do not interfere with one 
another. However, locking has a number of disadvantages with respect to software 
engineering, fault-tolerance, and scalability. As a result, researchers have investigated 
a variety of alternative nonblocking synchronization techniques that do not employ 
mutual exclusion. A synchronization technique is said to be wait-free if it ensures 
that every thread will continue to make progress in the face of arbitrary delay (or even 
failure) of other threads. It is said to be lock-free if it ensures only that some thread 
always makes progress. While wait-free synchronization is the ideal behavior (thread 
starvation is unacceptable), lock-free synchronization is often good enough for 
practical purposes (as long as starvation, while possible in principle, never happens in 
practice). 
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[1004] In the hands of a highly skilled programmer, the synchronization 
primitives provided by many modern processor architectures, such as compare-and- 
swap (CAS) operations or load-locked/store-conditional (LL/SC) operation pairs, are 
typically powerful enough to achieve wait-free (or lock- free) implementations of a 
linearizable data object. Nevertheless, with a few exceptions, wait-free and lock- free 
data structures are rarely used in practice. The underlying problem is that 
conventional synchronization primitives such as CAS and LL/SC are an awkward 
match for lock- free synchronization. These primitives lend themselves most naturally 
to optimistic synchronization, which guarantees progress only in the absence of 
synchronization conflicts. For example, the natural way to use CAS for 
synchronization is to read a value v from an address a, perform a multistep 
computation to derive a new value w, and then to call CAS to reset the value of a 
from v to w. The CAS is successful if the value at a has not been changed in the 
meantime. Progress guarantees typically rely on complex and computationally 
expensive "helping" mechanisms that pose a substantial barrier to the wider use of 
lock-free synchronization. 

[1005] Accordingly, alternative techniques are desired whereby these 
complexities and related computational expense may be avoided or reduced. In this 
way, nonblocking shared data objects may achieve wider adoption and use. 

SUMMARY 

[1006] We propose an alternative nonblocking condition that we believe will, in 
practice, lead to simple, efficient non-blocking implementations of shared data 
structures and associated algorithms. Our techniques build on the concept of 
obstruction-freedom, A synchronization technique is obstruction-free if it guarantees 
progress for any thread that eventually executes in isolation. Even though other 
threads may be in the midst of executing operations, a thread is considered to execute 
in isolation as long as the other threads do not take any steps. Pragmatically, it is 
enough for the thread to run long enough without encountering a synchronization 
conflict from a concurrent thread. Like the wait-free and lock- free conditions, 
obstruction-free synchronization ensures that no thread can be blocked by delays or 
failures of other threads. This property is weaker than lock-free synchronization, 
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because it does not guarantee progress when two or more conflicting threads are 
executing concurrently. 

[1007] A somewhat unconventional aspect of our approach of implementing 
obstruction- free algorithms (which differs from the usual approach of implementing 
their lock-free and wait-free counterparts) is that we think that progress should be 
considered a problem of engineering, not of mathematics. We believe that 
conventional approaches which tend to commingle correctness and progress have 
inadvertently resulted in unnecessarily inefficient and conceptually complex 
algorithms, creating a barrier to widespread acceptance of nonblocking forms of 
synchronization. We believe that a clean separation between the two concerns 
promises simpler, more efficient, and more effective algorithms. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[1008] The present invention may be better understood, and its numerous objects, 
features, and advantages made apparent to those skilled in the art by referencing the 
accompanying drawings. 

[1009] FIG. 1 depicts an illustrative state of an array-based encoding of a shared 
data structure that serves as a context for explaining some techniques in accordance 
with the present invention. 

[1010] FIG. 2 illustrates a flow for an illustrative obstruction-free push operation 
in accordance with some techniques of the present invention. 

[1011] FIG. 3 depicts an illustrative state of a circular array-based encoding of a 
shared data structure encoding for an exemplary non-blocking deque implemented in 
accordance with some embodiments of the present invention. 

[1012] FIG. 4 illustrates a flow for an illustrative obstruction-free push operation 
on a wraparound deque in accordance with some techniques of the present invention. 

[1013] The use of the same reference symbols in different drawings indicates 
similar or identical items. 
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DESCRIPTION OF THE PREFERRED EMBODIMENTS) 

[1014J To illustrate the power of our obstruction-free approach, we have 
implemented a nonblocking double-ended queue (i.e., a deque). Deques are more 
formally defined below. However, informally, deques generalize FIFO queues and 
LEFO stacks by supporting a sequence of values and operations for adding (pushing) a 
value to or removing (popping) a value from either end. Thus, implementing a shared 
deque combines the intricacies of implementing queues and stacks. 

[1015] Using our techniques, we believe that we have achieved the first fully- 
functional, single-target synchronization based (e.g., CAS-based), non-blocking deque 
implementation in which opposing end operations do not always interfere. To 
contrast our results with that of others, we briefly summarize related work on 
nonblocking deques. 

[1016] Arora, et ah proposed a limited-functionality CAS-based lock-free deque 
implementation {See N. S. Arora, B. Blumofe, and C. G. Plaxton, Thread Scheduling 
for Multiprogrammed Multiprocessors, In Proceedings of the 10th Annual ACM 
Symposium on Parallel Algorithms and Architectures, pp. 1 19-129 (1998)). Their 
deque allows only one process to access one end, and only pop operations to be done 
on the other. Thus, they did not face the difficult problem of concurrent pushes and 
pops on the same end of the deque. They further simplified the problem by allowing 
some concurrent operations to simply abort and report failure. 

[1017] Greenwald proposed two lock-free deque implementations. See M. 
Greenwald. Non-Blocking Synchronization and System Design, PhD thesis, Stanford 
University Technical Report STAN-CS-TR-99-1624, Palo Alto, CA, August 1999. 
Both implementations depend on a hardware DCAS (double compare-and-swap) 
instruction, which is not widely supported in practice, and one of them does not 
support noninterfering concurrent operations at opposite ends of the deque. 

[1018] Michael proposed a simple and efficient lock-free, CAS-based deque 
implementation. See M. Michael, Dynamic Lock-Free Deques Using Single Address, 
Double-Word CAS, Technical report, IBM TJ Watson Research Center, January 2002. 
However, the technique used by Michael's proposed algorithm fundamentally causes 
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all operations to interfere with each other. Therefore, it offers no insight into 
designing scalable nonblocking data structures in which noninterfering operations can 
proceed in parallel. 

Obstruction-Free Implementations 

[1019] We now introduce obstruction-freedom, a new nonblocking property for 
shared data structure implementations. This property is strong enough to avoid the 
problems associated with locks, but it is weaker than previous nonblocking 
properties — specifically lock- freedom and wait- freedom — allowing greater flexibility 
in the design of efficient implementations. Obstruction-freedom admits substantially 
simpler implementations, and we believe that in practice it can provide the benefits of 
wait-free and lock- free implementations. To illustrate the benefits of obstruction- 
freedom, we present two obstruction-free CAS-based implementations of double- 
ended queues (deques); the first is implemented on a linear array, the second on a 
circular array. To our knowledge, all previous nonblocking deque implementations 
(i) have been based on unrealistic assumptions about hardware support for 
synchronization, (ii) have restricted functionality and/or (iii) have operations that 
interfere with operations at the opposite end of the deque even when the deque has 
many elements in it. Our obstruction-free implementations exhibit none of these 
drawbacks. While this is an important achievement in and of itself, the simplicity of 
our implementations tends to suggest that it is much easier to design obstruction- free 
implementations than lock- free and wait-free ones. 

[1020] Because obstruction-freedom does not guarantee progress in the presence 
of contention, we need to provide some mechanism to reduce the contention so that 
progress is achieved. However, lock-free and wait-free implementations typically 
also require such mechanisms to get satisfactory performance. We can use these same 
or similar mechanisms with obstruction- free implementations, as we discuss below. 
Because obstruction- freedom guarantees safety regardless of the contention, we can 
change mechanisms, even dynamically, without changing the underlying nonblocking 
implementation. 

[1021] One simple and well-known method to reduce contention is for operations 
to "back off 1 when they encounter interference by waiting for some time before 
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retrying. Various choices are possible for how long to wait. For example, 
randomized exponential backoff is one scheme that is effective in many contexts. 
Other approaches to reducing contention include queuing and timestamping 
approaches, in which threads agree amongst themselves to "wait" for each other to 
finish. While a simplistic applications of these ideas could give rise to some of the 
same problems that the use of locks does, we have much more freedom in designing 
sophisticated approaches for contention control than when using locks, because 
correctness is not jeopardized by interrupting an operation at any time and allowing 
another operation to continue execution. 

[1022] In fact, it is possible to design contention management mechanisms that 
guarantee progress to every operation that takes enough steps, provided the system 
satisfies some very weak (and reasonable) assumptions. Thus, the strong progress 
properties of wait-free implementations can be achieved in practice by combining 
obstruction- free implementations with appropriate contention managers. In scenarios 
in which contention between operations is rare, we will benefit from the simple and 
efficient obstruction-free designs; the more heavy-weight contention resolution 
mechanisms will rarely be invoked. In contrast, in most lock- free and wait- free 
implementations, the mechanisms that are used to ensure the respective progress 
properties impose significant overhead even in the absence of contention. 

[1023] In some contexts, explicit contention reduction mechanisms may even be 
unnecessary. For example, in a uniprocessor where threads are scheduled by time 
slice, relatively short obstruction- free operations will be guaranteed to run alone for 
long enough to complete. Similarly, in priority-scheduled uniprocessors, an operation 
runs in isolation unless it is preempted by a higher priority operation. 

A Double-ended Queue (Deque) 

[1024] A deque object S is a concurrent shared object, that in an exemplary 
realization is created by an operation of a constructor operation, e.g., make__deque { ) , 
and which allows each processor Pi, 0 < i < n - 1, of a concurrent system to perform 
the following types of operations on S: push_righti (v) , push_lef t± (v) , 
pop_right ± ( ) , and pop_lef t ± ( ) . Each push operation has an input, v, where v is 
selected from a range of values. Each pop operation returns an output from the range 
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of values. Push operations on a full deque object and pop operations on an empty 
deque object return appropriate indications. 

[1025] A concurrent implementation of a deque object is one that is linearizable to 
a standard sequential deque. This sequential deque can be specified using a state- 
machine representation that captures all of its allowable sequential histories. These 
sequential histories include all sequences of push and pop operations induced by the 
state machine representation, but do not include the actual states of the machine. In 
the following description, we abuse notation slightly for the sake of clarity. 

[1026] The state of a deque is a sequence of items S = (vo . .,v k > from the range 
of values, having cardinality 0 < I S I < max_length_S. The deque is initially in the 
empty state (following invocation of make_deque ( ) ), that is, has cardinality 0, and 
is said to have reached a full state if its cardinality is max__length_s. 

[1027] The four possible push and pop operations, executed sequentially, induce 
the following state transitions of the sequence S = <v 0 ,. . .,v k >, with appropriate 
returned values: 

push_right ( v new ) if S is not full, sets S to be the sequence S = <v 0 ,. . .,v k ,v new > 

push lef t (v new ) if S is not full, sets S to be the sequence S = <v ne w 5 v 0 ,. . .,v k > 

pop_right ( ) if S is not empty, sets S to be the sequence S = <v 0 ,. . .,v k _i> 
and returns the item, v k . 

pop_lef t () if S is not empty, sets S to be the sequence S = <vi,. . .,v k > and 

returns the item vo. 

[1028] For example, starting with an empty deque state, S = (>, the following 
sequence of operations and corresponding transitions can occur. A push_right ( 1 ) 
changes the deque state to S = <1>. A push_lef t (2) subsequently changes the 
deque state to S = <2,1>. A subsequent push_right (3) changes the deque state to S 
= <2,1,3>. Finally, a subsequent pop_right ( ) changes the deque state to S = <2,1> 
and returns the value, 3. In some implementations, return values may be employed to 
indicate success or failure. 
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Obstruction-Free Deque Implementation 

[1029] We present an array-based, obstruction-free deque implementation. Our 
first algorithm is extremely simple, and serves to illustrate our technique. However, 
the first illustration is not entirely complete in the sense that it does not fully 
generalize queues. In particular, if we only push on one end and pop from the other, 
we will exhaust the space in the illustrated array and will not be able to push any more 
items. Later, we show how to extend the algorithm to "wrap around" in the array in 
order to overcome this problem. 

[1030] The declarations that follow define a simple array-based data structure that 
encodes our deque. 

type element = record val : valtype; ctr: int end 
A: array [0 . .MAX+1] of element initially there is some k in 
[0,MAX] such that A [i ] =<LN, 0 > for all i in [0,k] and 
A[i]=<RN,0> for all i in [k+1, MAX+1]. 

[1031] In our implementation, we assume the existence of two special "null" 
values LN and RN (left null and right null) that are never pushed onto the deque. We 
use the array A to store the current state of the deque. The deque can contain up to 
MAX values, and the array is of size MAX+2 to accommodate a left-most location that 
always contains ln and a right-most location that always contains rn. These extra 
locations are not strictly necessary, but they simplify the code. 

[1032] FIG. 1 illustrates such an array 110, where values vi, v 2 , ... v n of a 
represented deque are encoded in elements of the array. An LN value is stored in a 
leftmost array element 111 and in each other element to the left ofv\. An RN value is 
stored in a rightmost array element 112 and in each other element to the right of v n . 
Each element of the array includes two fields, e.g., a val field such as 113 A and a 
ctr field such as 113B. Operations on the encoded values and on fields of the 
elements will be understood with reference to FIG. 1 and to the exemplary code 
herein. 

[1033] Our algorithm maintains the invariant that the sequence of values in 

A [0] .val . .A [MAX+l] .val always includes of at least one LN, followed by zero or 

more data values, followed by at least one RN. The array can be initialized any way 
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that satisfies this invariant. To simplify our presentation, we assume the existence of 
a function oracle ( ) , which accepts a parameter left or right and returns an array 
index. The intuition is that this function attempts to return the index of the leftmost 
RN value in A when invoked with the parameter right, and attempts to return the 
index of the rightmost LN value in A when invoked with the parameter left. The 
algorithm is linearizable even if oracle can be incorrect. We assume that 
oracle ( ) always returns a value between 1 and MAX+l, inclusive, when invoked 
with the parameter right and always returns a value between 0 and MAX, inclusive, 
when invoked with the parameter left. Clearly, it is trivial to implement a function 
that satisfies this property. Stronger properties of the oracle are required to prove 
obstruction-freedom; we discuss these properties and how they can be achieved later. 

[1034] As explained in more detail below, we employ version numbers to each 
value in order to prevent concurrent operations that potentially interfere from doing 
so. The version numbers are updated atomically with the values using a compare- 
and-swap (CAS) instruction. In general, a CAS (a , e , n) operation or instruction 
takes three parameters: an address a, an expected value e, and a new value n. If the 
value currently stored at address a matches the expected value e, then the CAS stores 
the new value n at address a and returns true; we say that the CAS succeeds in this 
case. Otherwise, the CAS returns false and does not modify the memory. We say that 
the CAS fails in this case. As usual with version numbers, we assume that sufficient 
bits are allocated for the version numbers to ensure that they cannot "wrap around" 
during the short interval in which one process executes a single iteration of a short 
loop in our algorithm. 

[1035] A reason our obstruction-free deque implementation is so simple, and the 
reason we believe obstruction-free implementations in general will be significantly 
simpler than their lock-free and wait-free counterparts, is that there is no progress 
requirement when interference is detected. Thus, provided we maintain basic 
invariants, we can simply retry when we detect interference. In our deque 
implementation, data values are changed only at the linearization point of successful 
push and pop operations. To detect when concurrent operations interfere with each 
other, we increment version numbers of adjacent locations (without changing their 
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sbav ;Bq; — NH o; suoijbooj ssSireqo jBqj uoijBisdo Ajuo sqi — uoijBiado ( ) dodrm6-pa 
b }Bqj si uosbsj oqx (ahh suq) poSireqo si psSireqa sq o; uoijbooj sq; suni sqi 
pUB (3HH 9uq) pB9i sbav }i amp sq} ussAv^sq oj sSireqo }ou pip uoijbooj SuuoqqSpu 
sqj ;Bq; Aijsbq UAvoqs aq ubo ;i 'sstAuaqjo yB^soj X^duiis ubo dav os 'oouqjqjjs^ui 
suios p3i3;imooii9 9ABq 3M u^m 6 jibj uoi^boo[ b 9§uBqo o^ s^duis^B sqi JO Xub ji 
suq) ;i 9§uBqo o; 3ui;duiow^ pra (eHH suq) poguBqo sq o; uoi^booi aq; SuipB^j 
usQA^sq (9HH 9uq 'stqBA s}i 3ui§uBqo inoqjiAv) isquinu uoisjoa s;i ;u9uiqjoui o; puB 
'(^HH 9uq os|B ass !3HH ^uq) snjBA 9}BudoiddB sq; suib;uoo ( [I -^(] v e, 9*x) uoi;boo| 
Suuoqqgpu sq; jBq; >[09qo o; si B9pi oiSBq aqx suo ;sjij sq; Xfuo uiBjdxa qav os ^xxibs 
9qvX[iBi;u9SS9 sib suirep oau isq;o oq; ssjuBiBtiS o; pssn sonbiuqosi aqx [ZfrOll 

ui NH pBSJ edH 9uq IBq; lusuioiu sq; ;b NT psuiB^uoo i^a* [t-^(] v fi JB|noipBd 
ui c snqx '(putioiB SuiddBiM ^ou sjoqumu uoisjsa ;noqB uopdumssB mo qBosi) 
IBaiq^ui siqj inoqgnoiq; sri|BA suibs sq; p^uiB^ureiu [i - v ;Bq^ SAvoqoj ;i 'jaqumu 

UOISJ3A S^UO^BOOl JBqj S^U9UI3J0Ul UOl^BOO^ XBJJB UB S9IJipOlU ^Bq; SV3 QSTlBOOa 
SdH PUB 3dH S9Uq ^B [I V UIO^ QtqBA 9UIBS 9q^ SpB9J ^l Jl XjUO 1( X;dlU9 u SUITU3J 

( ) dod^qBx j. :;s9{duiis sq; si (3AoqB uiiBp pjiq; ssbo Xjduis sqx [l^Oll 



oop 3S38*W)0 uoijBojiddv lemj 

- ei - 

sb jdooxo joqjjry: uioqi ssnosip ;ou op qav puB 'ouiouraiAs ojb suopBJodo opis-ysj oq; 
'aiojoq sy Mopq iLwoqs ojb uopBiuouiojdun onbop punojB-dBJM sip jo suopBJodo 
opis-;q§u oip joj apcQ uupuoSiB oq; jo spsdsB avou oqj oquosop avou o^VY 

uopoos snoiAOJd oqj ui unpuo§iB oq; joj suopipuoo Jtf pxux 
oqj osn oj si uopdo ouq Avopq pojBjs e unpuo§|B oqi joj jububaui uibui oq} soijspBS 
\i poptAOjd KjuBJjtqjB pozqBpiui aq ubo Kbjjb oqx sjuouiop xvw jsoui }B qjiM onbop 
b joj [i +XVW * * 0 ] V Abjjb oqi osn oav :Xbjjb oqj ui soujuo pnu oau jsbsj jb uibjuibui 
9AV 'ojojoq sy * [I +XVW] V jo „jqSu sq; oj yCpjBipsuiiui,, si [ o ] v 'spjOAv joqjo 
iq XpApoodsai c ^a puB ia soujba opoouo Z0£ P U13 I0£ sjtraurap ojoqM 4 (00C) ^sxre 
jBjnojp oiqejins b in popoouo ojbjs onbsp srqBA-OAq b sojBJjsrqji £ # OM JBjnojp 
oq o; sjBoddB Abjjb oq; jBq; os 'Abjjb oq} M punojB dBJM u oj onbop oqi AvopB o} uopoos 
snoiAOjd sq; ui unpuoSjB oq} puojxo oj Moq Avoqs sav 'uoposs sup iq [W0l] 

sabjjv JBinojj3 o; uoisuajxg 

uoqSiq qoniu oq pjnoAV ;uiq o;bjtioobui 
oqj jo jsoo oqj osbo siq} ui sb 'ojduiBXO joj nh isouqpi sq; suib;uoo Aijboj jBq; uoijbooj 
oqj ireqi suq oqoBO luapjjip b ui sopisai jBqi uopBOO{ b o; gupuiod si }i uoqAv juiq 
oqi SupBpdn Ajuo jopisuoo jqSiui oav 'jBjnopjBd iq uoyo ssoj uioqj uo SuiziuojqouAs 
Kqojoq; c sjuiq sqj jo Xobjtioob sq; ussooi o} jnjosn oq os\v Xbui ;i duii; oq; ^b 9;bjiioob 
IsouqB s;uiq dooy[ sjojsjsq; pire 's;utq o; ssnjBA 9jBp-jo-;no §ui;um uiojj sssssoojd 
avo|s ^u9A9jd ubo 9AV c s;uiq oqi s^Bpdn 01 SVD 9sn 9M J! ^iduiBxs joj uisqj o;Bpdn 
01 sXbm snouBA ssooqo ubo 'squji; jjb ;b 3;bjtioob Afpajj^d sq o; OABq ;ou op s^uiq 
sssqj ssriBOsa (p^ 1 3AV ssnjBA sqj 3uisn qojBQS o; uoxp^Jip qoxqM oi o\qv sq 
sKbmjb n» 9M ) uoijisod Xbjjb ps^BOipux sq; uio^ qojBQS puB c s;uiq osoqj pB9J pjnoo o/a 
usqi !9;bjt\oob Xp^BiuxxojddB s;uxq sqj Suid99>[ jo jboS sq; q;iM 'spus ;qgu pxiB qo\ sq; 

JOJ u S;Uiq 4| UTBJUIBUX UBO 9AV c 9ldlIIBX3 JOJ qOJBOS SApStlBqXD Siqi plOAB O^ S9Ai;BUJ9qB 

IBjoaos quiSbuii ubo ouQ ;u9ioijj9UT Xjoa oq ;q§iiu uox;nios sup 'jOAOAvoq 'ozis onbop 
uituuiXBiu oqi uo guipusdsa sn^BA o^BudojddB oq; joj Sui^ooj puo ouo uiojj XjjBOuq 

Xbjjb oqj qoJBOS oj si uopB;uoui9iduii pojjoo puB ojdiuis quq ;i Supuoui9{duii 
ui Ajqiqtxoij jo Xiuo^d OABq om *oouojojjo;ui sjo^utioouo ;i ;Bq; osbo oqj ui 
(^uibjjsuoo o3ubj IBiau; sq; joj ;d90xs) uopBgqqo ou SBq opBJO 3q; ssnBoog 'uoijBiaji 

Xeqi ui S9p|diuoo uopBJodo oq; uoq; c OAoqB pogioods xopui sq; sujtuoj uopoutij 



:uoipos 

snoiAsid on; ui unpuoSps sqi Aq paurejureui iireireAin iqduits aqj jo p^sm sjiretreAin 
SuiAvonoj aqj sureiureui unpuoSjE sqi '.repKmo si Asxre sqj sstreosg iLPQl] 

snbsp sqj ojuo psqsnd ioaqu qiv no pue 'ni l^qi sumssB s^vV \»ll nu Araump n 

JOJ fi NO S^OUSp 3AV qOiqAV 'SiqBA IJTIU BI}X9 ire S3ST1 UOISJ9AUOO SiqX 'S9T1[BA NH 

ojui ssrqBA NT u }J9AUOD u o} uopsisdo ( ) qsnd^t[6T jl v 3uqqBU9 Aq uisjqoad puooos 
snpajpireqa^v '(sanpzA nh asiunoous Amu suopeisdo Qtisndigai 'Ajibiiuiis) 
Aexre sqj puno.re deiM pire sstqBA nh sqj „3iunsuoo u Asqj sb sstijea jsn .iajimooiis Aeui 
suopBJsdo ( ) nsnd^qBic x 'puooos saujus n nu OA ^ ApoBXS sie sjsqj jBqj suiuusjap 
jsmu 9M iptij si snbsp sqj JsqjsqAv o\ ^nogjip siotu si }i 'jsji j uoposs snoiAaid 



aq} ui quo sqj pire unpuoSpi sup uddMpq ssouaisjjip ureui oau are araqx [9W)ll 

{ 

NH <- a // (<i+j^o-j:rio'jsrH> / jrio' [T-^] Y?) SYO JT : SdH 

(<I+j;o^X9u'NH>'^9U' [*[]Y3)SVD JT "-frdH 

..A^duis,, uan^9J : £dH 

• eon 3 ZOH JO // 

jcapjio uo spuadap // (mo = [T-X]V pue { NO ' NT } tiT teA-jno) it • SdH 
NH =i T^A-ano // 

pue NH = leA-^xgu // .' ( ) aioBJcops^osiiD^ifBTj: = : ^xau'ano'^ : idH 

} (snia) axxq/A : QdH 



( ) dod^q6TJ 
{ 



{ 

NH <- Nd // ■'(<T+J43 , ;x9u 'NH> ';X3U ' [T+:H] VS ) SYD : LTHH 

(<X+a^D ■ ^xsuqxau ' i^a* ^X8uqxsu> '^xeu^xeu ' [£+:>[] Y9 ) SYO JT : 9THH 

(NT = T^'^3U^X9U) jt : STHH 

■' nTT n 3u uanaaa (mo = [*(]y) JT = frTHH 

(Aaid = [T->[] V) IT : ETHH 

{ { NO ' NT ' NH } ui i^a- qxgu^xgu) j JT : STHH 

•' [2+M]Y — ;x9u;x9U : ITHH 

} (NO = IEA^X9U) jt :0IHH 

Nd <- NT // (<I+i^d-;x9U 'Nd> '4X9U ' [ T+}{] Y9) SYO : 6HH 

(<X+jqouno 'NH> '^no '[:>{] Y>9 ) SYO ?T : 8HH 

(NT = I^A^xgu) JT :^HH 

.'h^o,, uin^9i :9HH 

a <- NH // (<i+i^D-ir\D 'a> 'jt\d '[M]VS)SYD 3T : SHH 

(<I+i;o-A9ad 'iBA*A3jd> 'A9id '[T-^t]V5)SV0 5T : ^HH 

(NH = leA-^xau) JT :eHH 

[T +: H] V =i ;X9U :£HH 

NH = i IEA-A8id // 

pue NH = TBA-jno // / ( ) axoG^opa^oaLfoqqBxjr =: jrno'ASjrd'jf : ihh 



} (anaa) aiTU^ :OHH 

( { NQ ' NH ' NT } ut a) i // (A)qsnd^q6xa 

*z+xyw oinpoui 

ouop si ssoipui Asxre uo opsuiq^Lre ny *suoi;BJ9do 9pis-;q3u sq^ q^iAV pBiajui Asqi 



- ST " 



(lOfr) sjjnsuoo uox^uoui^iduii sqj 'ajojsq sy 'SUOijBJsdo ( ) aiD^^opa^oano^qBTJc 
pun ( ) qsndmBx jl sqj jo uoi^Bjado aqi ui savojj jofeui sazuBUiums p 'Old [OSOll 



•S9U1U9 NT OU 

oq Abiu aisip ssriBosq 'Na jo NT J9q;i9 sq Xbui i^auud 'Xjduis si snbsp sqj laqpqAv 
Suppsqo in c }Bq; si uoi}BJ3do ( ) dodiqBx jl aq; ui 9§UBqo Ajuo sq} 'uibSb ssnjBA qxau 
puB ^riD sq; >[09qo puB pBOi oj pssu sq; ssjBUtiuip osjb qoiqAV fi ( mBxjE) aioeio 
jo pBQjsui ( ) siD^Jcopa^oaqo^qBxj: SuqiBO UBqj JsqJO [6W)ll 

{ 

<- NO // (<I+^^o*^q6xa / NH> ' 3q6T a '[M]VS)SYD jt : SOH 

(<I+jc40- 4jai 'IBA- ajai> '[I-^]V5)SVO 5T : £OH 

ou ^nq // 

'apeio ^oaajcoo // {({nCI'NH} ut iBA'qjsi) i puB NO = T.12A- :hj6t;i) it : 90H 

.' 3h6tj: ' 3 131 #i l um^3i -SOH 
eioejo ^oajJOD // (Ntf =i -[eA-^jax pue NH = xba- ^qSTjr) : frOH 

dod^qB-pa ux A^duie joj // M^ClV » ! ^Btj: : eOtf 

^oaqo aoj ^ue^aoduiT aapjo // [X-M]Y = : 3?ax : ZOH 

.' (^qB-pa) 9-[oeao =: ^ : TOtf 
} (9tu;) axjqM : 0OH 
*KTH = lBA-^q6Ta puB NH =i XBA'^jax q^TM // 
'uopno9X9 aq^ 6uTanp 3 < ,3 auiT^ auios [M]V = W^T-* P ue // 
'3 suiT^ auios 3B [l-M]V = ^jai a^aqM ' 3q6T;i ' 3jax suin^gy // 

( ) axoBaopa^oaqo^qBxa 



Sunmnai siojoq nh ub ojui no sqj 
jjqauoo oj sjdiuojjB ( ) sio^^ops^oa^oaqBxj: 6 .Ax\uo NT ub puB Xxjua Nd b si sjoqi 
'OAoqB jubijbaui pjiq; sqj Xq usqj 'sjsixs Aj^us nh ou jj poxioo si xopui sqi jBqj OAOid 
;Bq; ssujua Abjjb sjBudojddB sqj jo s;usiuoo q;iAv jsqpgoj 'xspui ;o9Xioo 9q; suinpi 
sXbav|b ;t 'uoijbjosi m suiu ( ) aioisjiopa^Da^oiqBxa ji 'snqx 'NH= i t^a* |Bq; 

PUB NH=I^A * 3L[6 T * IBq; S93;UBJBTl3 ApAipodSOJ [^(] V PUB [I - V UI MBS JSBJ ;i 

s;u3^uoo oq; c 3qBTa puB 3 jai siunpj ( ) aiop^opa^oGqo^qBT^: ^ x^pui Xbjjb ub o; 
uopippB uj * ( ) aiD^^opa^osiTO^xiBTj: 6 9jnp900id XjBqixtiB avsu b 95[oaui suopBJ^do 
dodpiiB qsndaq; fi X^09Jip (^qBxji) eio^o 8ui5[oauijo pB^siq [8^01] 



•Xjjuo no jo 9uo 1SB9J ;b puB c Xjjuo Na jo NT suo ;sb9^ ;b sAbavjb si sjsq; 'snqx 

•sstqBA 

\\nu jo 90uanb9s sq; ui ssnjBA nnu jo ssdAi ;u9J9jjip oau %svo\ ;b qib sioqx • 

'SStqBA NT 9JOUI JO OJ9Z Xq p9AVO|JOJ c 9tlJBA NO 9UO JO OJOZ 

Xq psAvo^oj 'ssnjBA nh qjoui jo ojsz jo sjsisuoo ssrqBA ^nu jo sousnbss sqx • 

( Xbjjb punojB dBiAv ubo 90U9iib9S sq; os 'jBjiiojp si Xbjjb sq; ;Bqj 
n^09^j) Xbjjb sqj ui suoi;boo{ jo souanbss snongijuoo b ui sjb sstqBA nnu nv • 
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;X9U;X9U JT JO £ }OU Jl qpij ST STlbsp 9q} 'OS JT pUB '( [>[] V pUB [I -:>(] V SuTpB9J9J 

Xq) \u \\ys si snbsp sq} jo pus jqSu sqj JsqpqM s>[ooqo uoi}BJ9do ( ) qsndaqB-p j. sq; 
usqj 'snjBA onbsp b st Xjjuq qx3u;xsu sqj jj Xj}U9 }Bq} ojut srqBA B qsnd o* SutXjj 
uoTjBJsdo ( ) qsnd^gai jusxmouoo Xub jo airqrej sqj guunsua 'Xjjua qxsutpcau 
sqj jo jsqiunu uoisjqa sqi sjusiuqjout jsjtj jt 'qsbo sup xq Xjjua nt ub st (Xj;us 
;x9u^x3u sq;) psysAUOO Smsq quo oq; jo ;qSu sqj oj Xjjus sq; jt Xjuo ;nq 'Xjjus jsra 
ire o;ui \x jjsauoo o\ Xjj qiAv ( ) qsnd^qB-pj: 'Xjjuq KG. b st Xjjus j| nu * X9U JI "SAoqB 
jububaut puooss sqj Xq pannbsj sb 'Xjjuq no quo jsoui }B st aisq; sainsuo qojqM 
6 NH=T^a • jmo ;^q; S5[09qo ( ) qsnd^qBT jl 'sup §uiop usq^V *Xj;u3 NO e 0}ui ;t jjsauoo 
oj s;dui9UB jsig ( ) qsnd^qBx jl uaqi 'Xjjuq nt ire st Xjjuq qnu jxsu sqj ji *nh ire 
ojut — SAoqB jubtjbaui pjiqj sq; Xq quo st Qjsqj avoidi — Xjjuq \\xm jxqu sq; jjqauoo 
oj squ; jt 'Xjjuq nh quo Xjuo spuij uoTjBJsdo ( ) qsnd^qBx x b usq^V [ZSOll 

•Avojsq pQqsqduioooB st uotsjqauoo 

STqj AVOq SSTlOSTp 9^ *XiJU9 UB OJUT V JJQAUOO oj sjduiQWB JSJTJ ( ) qsnd^qBTJC 

'QSiAUQqjQ Ilty jou st QtibQp Qqj os £ (nh sutbjuoo osjb qoTqAv) t^(] v ireq; joqjo squjuq 
\\nu oau jsboi ;b qjb oioqj c OAoqB jubtjbaui piTqj sq; Xq 'qsbo jBq; iq nh=I^a- [i+^f] v 
jBqj Suppsqo Xq Xbjjb sqj ut soBds st Djaqj jBqj ssmsus ;t c pB9;siq 'XBxre 
9qj jo puo oqj jb st xgpuT psuinpj oqj JsqpqM SuT^joaqo Xq qnj st Xbxib sq; JoqpqM 
9UTUiJ0j9p ioiiubo uopBisdo ( ) qsnd^qBx jl b c jb|tiojto st Xbjjb aqj asriBOQa [XSOXl 

sojBpdn uoTjBzraojqouXs 

sqj jo jJBd sb (3t70t^ io at^Ot 7 c VWfr ^ B s "8*9) sjBpdn ou^ba sjBudojddB sqj uuojjsd 
o\ (papdsu uoisudAuoD NH-oj-Na puB 'dvaM 'sjqvjWAV dovds) suoTjjpuoo stiotjba 
ussAvpq (got? I B ) 9;bt;uqj9JJTP ssop uiqjuoSiB Xbjjb JBpojp jtio 6 9AoqB poquosop 
DlduiBxs 3|duiTS sqj o; jbjtuits sjmb XqBjnprujs qSnoqx 'Xjjsj Xjdims sav 'ojrqrej uo 

c 9JOJ9q Sy SUOTJBJQdo UOTJBZTUOJqOuXs (p^SBq-SV3 fi "S # 3) ;38JB}-9l§UTS JO 90U9tlb9S 

o[duiTS b SuTsn p[9g 9H|ba Smpuodssjjoo b sjBpdn o\ pire ppg JC^O sjBudojddB 
ub JU91U3J0UT o\ (sjojsq sb) s;dui9WB uopBJsdo ( ) qsndmBx jl sq; '(psjmb^j 
sbav uotsj9auoo Na ou jt jo) itxjsssoons JI UOTSJ3AUO0 o\ Nd UlJOJJSd oj (zOP 
IB) suoTjBJsdo uoTjBZTUojqouXs jo 3DU9nb9S b sXoiduis uoTjBJsdo ( ) qsnd^qBT J aq; 
c os ji P9JJ9AUO0 sq o; SuTpoouo QTqBA NO ;U90BfpB UB q;TM UOT^BOOl B sujn;9J qOBJO 
sq; (^osjjoo qSnoq;) ;Bq; XiqTqjssod sq; joj 9M 'suit; siq; qgnoqj 'sjobjo ub 
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vsm uoijBiusuisjduii (snbsp) snsnb pspus-qqnop juaunouoo sjqBZUBSuq 'Suppojq 

-UOU XjB|dtU9X9 UV UOIJU9AUI JUQSSjd 9I# JO JUOUJipoqiUQ XlBjdlUSXO UB IfllAV 

souBpjoooB ui suoijBJsdo uopBziuojqouXs siqBzuBsuq SuiXojduio suoirejuQuiojduii 
pofqo pareqs lusjjnouoo m\/A psrepossB samptuis BjBp puB ssouanbss [Buoipunj 
'spofqo 'sonbiuqos; jo ps b sspnpui maisq psjuassjd uoijduosap sqx [9S0I1 

sjnauiipoquig Joqjo 

•pssn 

uoxjB;u9uio[duix spBJO JBjnoiyBd aqj jo Xjixsjdiuoo auii} 33j;-uoiptu}sqo sq; stqd 
jubjsuoo b si sup 'sunpuoS^ Jno jo j opjduioo °l p^JUBJBng sq o; aspjo ui uopB[osi 
ui 95[b; jsniu uoijBJsdo ub jBqj sds;s jo jsqumu osbo-;sjoav oqj si (suoijdumssB uiojsXs 
puB jsSbubui uoijusjuoo JBinoi^JBd sqj o; pjB§9J jnoqjiAv) unpuogjB saij-uoipruisqo 
ub jo A;iX3{diuoo suit; sq;jo sjnsBSUi 9|duiis v '<QtX9fdiuo2 dwij [SSOll 

'Xj}U9 9q} JO 9TIJBA 

sqj 9§UBqo Asqi Moq jo uoiiduosop b qjiAV psjBjouuB are ssuq sssqx 'P raj Xpusoaj 
;soui sbm ;i aouis paSuBqo \ou SBq Ajjus sqj ji Ajjus ub sSuBqo Ajuo ssuq sssq; 
'aiouusqjjTuj suopBJsdo spis-yaj sqj ui sjJBdisjunoo xraqj puB 'san ^IHH '6HH € SHH 
4 8 OH ssuq Aq Ajuo poSuBqo si Ajjuq ub jo stqBA oqi rBqi o;ou oj si jooid sqj o; A33[ ouo 
'Aj\uq no jo nh ub si qoiqM jo suo 'ssujus \\xxu oau jsbsj }b nps qjb sjsqj 'qsnd sqi 
jsyB }Bqi 9jnsu9 o; si siqx 'Ajjuq NT ub si Ajius qxsuqxsu sqj puB Ajjuq Na b si ji jo 
'Ajjuo nh ub si Ajjus ;xbu om jsqjp £ (5HH ouq) snbsp sqj ojuo stqBA avsu sq; saqsnd 
X^btuob ( ) qsnd^qBxa b usqM }Bqj SuiAjuqa si A;tnoijjip uibui sqx [frSOll 

Iirg: si snbsp sq; 4 snqj puB C S9U}U9 ^nuuou X[uo sqj ojb [t+^{] v puB 
[^]v|Bq;os '(srqBA ;souqq§u s;i sb [T-^]vq;iAv) [i-^]VOj [z+y.] V uiojj spuspcs 
onbsp sq^ Avoirs sm c pB9J isbi sjqav Xsq; souis psguBqo ;ou QABq [^] v puB [ i - v 
}Bqi (eiHH suq) uuijuoo X^ugnbssqns 9av ssnBOsg *(ithh suq) pB9J si ;x3u^x3u 
jBq; juiod ;b sszuBSuq .Jinj,, sujnpj ^Bq; uotjBJsdo ( ) qsnd^qBT-i b ;Bqj 
jdooxs 'uoipss snoiAQjd oq; ui uiqjuoSiB sq; sb Xbav stubs aqj Xjpbxs ui 9jqBZiJBoui[ 
si uiq;uoS|B AV9U siq; ^Bq; oos o% Xsbs si ji c 9AoqB s;ububaui Suiumssv [eSOll 

•S9U}9J uox;BJ9do ( ) qsndqqST jl sq; puB c ( ) qsndanBx jl 
q^iM ;u9jjtiouoo si uopBJsdo jsqjo suios uaq; 'Xj^us nq jo nh ub jsqjp si Xj;us 
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employs compare-and-swap (CAS) operations is illustrative. As described, our 
implementation is obstruction- free. The deque is a good exemplary concurrent shared 
object implementation in that it involves all the intricacies of LIFO-stacks and FIFO- 
queues, with the added complexity of handling operations originating at both of the 
deque's ends. Accordingly, techniques, objects, functional sequences and data 
structures presented in the context of a concurrent deque implementation will be 
understood by persons of ordinary skill in the art to describe a superset of support and 
functionality suitable for less challenging concurrent shared object implementations, 
such as LIFO-stacks, FIFO-queues or concurrent shared objects (including deques) 
with simplified access semantics. 

[1057] While the invention(s) is(are) described with reference to various 
implementations and exploitations, it will be understood that these embodiments are 
illustrative and that the scope of the invention(s) is not limited to them. Terms such 
as always, never, all, none, etc. are used herein to describe sets of consistent states 
presented by a given computational system, particularly in the context of correctness 
proofs. Of course, persons of ordinary skill in the art will recognize that certain 
transitory states may and do exist in physical implementations even if not presented 
by the computational system. Accordingly, such terms and invariants will be 
understood in the context of consistent states presented by a given computational 
system rather than as a requirement for precisely simultaneous effect of multiple state 
changes. This "hiding" of internal states is commonly referred to by calling the 
composite operation "atomic", and by allusion to a prohibition against any process 
seeing any of the internal states partially performed. 

[1058] Many variations, modifications, additions, and improvements are possible. 
For example, while application to particular concurrent shared objects and particular 
implementations thereof have been described in detail herein, applications to other 
shared objects and other implementations will also be appreciated by persons of 
ordinary skill in the art. In addition, more complex shared object structures may be 
defined, which exploit the techniques described herein. While much of description 
herein has focused on compare and swap (CAS) based synchronization, other 
synchronization primitives may be employed. For example, based on the description 
herein, persons of ordinary skill in the art will appreciate that- other suitable 
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constructs, including load-linked and store-conditional operation pairs (LL/SC) may 
be employed, as well. Plural instances may be provided for components, operations 
or structures described herein as a single instance. Finally, boundaries between 
various components, operations and data stores are somewhat arbitrary, and particular 
operations are illustrated in the context of specific illustrative configurations. Other 
allocations of functionality are envisioned and may fall within the scope of the 
invention(s). 

[1059] In general, structures and functionality presented as separate components 
in the exemplary configurations may be implemented as a combined structure or 
component. Similarly, structures and functionality presented as a single component 
may be implemented as separate components. These and other variations, 
modifications, additions, and improvements may fall within the scope of the 
invention(s). 
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